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Abstract
Introduction: Mechanical ventilation (MV) of mice is increasingly required in experimental studies, but the conditions that
allow stable ventilation of mice over several hours have not yet been fully defined. In addition, most previous studies
documented vital parameters and lung mechanics only incompletely. The aim of the present study was to establish
experimental conditions that keep these parameters within their physiological range over a period of 6 h. For this purpose,
we also examined the effects of frequent short recruitment manoeuvres (RM) in healthy mice.
Methods: Mice were ventilated at low tidal volume VT=8 mL/kg or high tidal volume VT=16 mL/kg and a positive end-
expiratory pressure (PEEP) of 2 or 6 cmH2O. RM were performed every 5 min, 60 min or not at all. Lung mechanics were
followed by the forced oscillation technique. Blood pressure (BP), electrocardiogram (ECG), heart frequency (HF), oxygen
saturation and body temperature were monitored. Blood gases, neutrophil-recruitment, microvascular permeability and
pro-inflammatory cytokines in bronchoalveolar lavage (BAL) and blood serum as well as histopathology of the lung were
examined.
Results: MV with repetitive RM every 5 min resulted in stable respiratory mechanics. Ventilation without RM worsened lung
mechanics due to alveolar collapse, leading to impaired gas exchange. HF and BP were affected by anaesthesia, but not by
ventilation. Microvascular permeability was highest in atelectatic lungs, whereas neutrophil-recruitment and structural
changes were strongest in lungs ventilated with high tidal volume. The cytokines IL-6 and KC, but neither TNF nor IP-10,
were elevated in the BAL and serum of all ventilated mice and were reduced by recurrent RM. Lung mechanics, oxygenation
and pulmonary inflammation were improved by increased PEEP.
Conclusions: Recurrent RM maintain lung mechanics in their physiological range during low tidal volume ventilation of
healthy mice by preventing atelectasis and reduce the development of pulmonary inflammation.
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Introduction
Mechanical ventilation (MV) of mice is increasingly used in
biomedical research. While the mechanisms of ventilator-induced
lung injury (VILI) have been explored intensively [1], experimen-
tal conditions required to keep physiological parameters stable in
mice during ventilation for several hours are not well defined.
Major reasons for this are the focus on the mechanisms of VILI
and the lack of comprehensive monitoring of pulmonary and
cardiovascular key parameters in most studies.
Monitoring of key physiological parameters is standard during
mechanical ventilation of humans and should be aimed also in
experimental research. These key parameters need to reflect both
the pulmonary (e.g. tidal volume, airway pressure) and the
cardiovascular (e.g. heart rate, blood pressure) consequences of
MV as well as oxygenation and acid-base status. Although MV may
affect all these parameters, these entities have rarely been assessed
together in the same study in mice (Table 1). Table 1 summarizes
ventilation studies, inwhich eitherlung impedancewasmeasuredor
ventilation was performed for at least four hours. The table reveals
that many studies that have focused on lung mechanics examined
only a relatively short period of ventilation [2–5] and only one study
fulfilled both inclusion criteria [6]. Interestingly, studies in which
mice were ventilated for more than three hours often provided
cardiovascular parameters, but neglected the examination of lung
functions [7–10].Somestudies even completelylacked physiological
parameters, although in several cases the authors referred to
preliminary experiments that were not included in the published
data [11–14]. We believe that, without comprehensive information
on physiological parameters, it is difficult to properly assess,
standardize and compare the various ventilation strategies.
Studies on the mechanisms of VILI have identified several
beneficial ventilation strategies, among them low tidal volume (VT)
ventilation and application of recruitment manoeuvres (RM) as well
PLoS ONE | www.plosone.org 1 September 2011 | Volume 6 | Issue 9 | e24527as high positive end-expiratory pressure (PEEP). Although RM have
a sound physiological basis, it remains unclear how they should be
applied [15]. In principal, RM may be used to reopen atelectatic lung
areas in injured lungs or to prevent atelectasis in healthy lungs. The
latter application requires lower recruitment pressures and hence can
be applied more frequently. Without RM, pulmonary compliance is
likely to decrease as shown already many years ago in anesthetized
dogs both during spontaneous breathing and during mechanical
ventilation [16]. In addition, regular short recruitment manoeuvres
have proved to be useful in models of isolated rat and mouse lungs
[17,18]. In mechanically ventilated mice the usefulness of RM with
the specific aim to keep pulmonary compliance and other lung
functions constant has been explored only sporadically. Previous RM
studies in healthy mice have focused on short periods of ventilation
and potential lung injury, but did not compare ventilation with and
without RM over several hours[4,5]. In addition, the effect of RM on
blood pressure in mice is not well defined, although increased
intrathoracic pressure might decrease cardiac output [19]. The
beneficial effects of PEEP have been demonstrated in several animal
studies [20–22]. PEEP helps to prevent repetitive alveolar collapse
and preserves surfactant function [1,23]. While it is widely accepted
that adequate PEEP together with low VT is a protective ventilation
strategy, the effects of recurrent RM in this setting are unknown.
The present study had several aims: (1) In order to assess the
consequences of MV properly, we established a set-up that permits
the ventilation of mice under permanent monitoring of clinically
Table 1. Comparison of mouse ventilation models.
Reference Experimental design Monitored parameters
Ventilation VT [ml/kg] PEEP [cmH2O] RM Lung functions BGA
BP/cardiac
activity SpO2
[2] 30 min 7/10 2/0 * + 22 /P +
[3] 60 min 8 6/3 ** + 22 2
[4] 140 min 30/10 2/0 2x/min ++ 2/ECG 2
[5] 150 min 8 6/2 1x/5 min or 1x/75 min + 22 /P +
[60] 4 h 25/7 22 + 22 /ECG 2
[12] 4 h 20/6 2 22 2 2 2
[61] 4 h 30 22 2 2 22
[62] 4 h 20/7 022 22 2 2 2
[7] 4 h 8 4 22 ++ /22
[11] 5 h 30/6 22 2 2 2 /22
[8] 5 h 15/7.5 2 22 ++ /+ 2
[63] 6 h 24 22 2 2 +/P 2
[9] 6 h 12 6 * 2 ++ /P +
[64] 4 h/8 h 20/10 2 1x/h 22 +/22
[10] 8 h 12 2 22 ++ /22
Present
study
6 h 16/8 2 1x/5 min or 1x/60 min
or no RM
++ + /ECG, P +
The table lists those ventilation studies that analyzed lung functions by measurement of lung impedance and studies in which mice were ventilated for at least four
hours. VT: tidal volume, PEEP: positive end-expiratory pressure, RM: recruitment manoeuvre, BGA: blood gas analysis, BP: blood pressure, P: pulse, ECG:
electrocardiogram, SpO2: pulse oximetry. * One RM at the beginning of ventilation. ** Two RMs at the beginning of ventilation.
doi:10.1371/journal.pone.0024527.t001
Table 2. Experimental groups.
First experimental series Second experimental series
LowVT
RM5
HighVT
RM5
LowVT
noRM
HighVT
noRM
LowVT
RM60
PEEP6
_RM5
PEEP6
_noRM
PEEP6
_RM60
VT [ml/kg] 81 6 81 6 8888
f[ m i n
21] 180 90 180 90 180 180 180 180
PEEP [cmH2O] 22222666
RM/h 12 12 - - 1 12 - 1
FiO2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
CO2 [%] 03030000
VT: tidal volume, f: breathing frequency, PEEP: positive end-expiratory pressure, RM: recruitment manoeuvre of 1 s and 30 cmH2O pressure, FiO2: fraction of inspired
oxygen, lowVT: low tidal volume, highVT: high tidal volume, RM5: one recruitment manoeuvre every five minutes, noRM: no recruitment manoeuvres, RM60: one
recruitment manoeuvre every 60 minutes, PEEP6: PEEP=6 cmH2O.
doi:10.1371/journal.pone.0024527.t002
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to define ventilatory conditions that guarantee stable lung
mechanics, hemodynamics, acid base status and oxygenation over
six hours. In particular, we studied the input impedance of the lung
at low frequencies to distinguish mechanical properties of
conductive airways and the distal lung [24]. (3) We investigated
the physiological effects of recurrent RM on lung mechanics at two
different tidal volumes (8 vs. 16 mL/kg) and at two different PEEP-
levels (2 vs. 6 cmH2O). (4) Since inflammatory lung injury may
occur even with ‘non-injurious’ ventilation[7,8,25], we also assessed
the extent of pulmonary inflammation, i.e. microvascular perme-
ability, pulmonary sequestration of leukocytes, production of pro-
inflammatory cytokines and lung histopathology. Our findings in
healthy animals show that low VT ventilation will only maintain
lung functions and gas exchange in a normal range if recurrent
RM are used. In addition, recurrent RM reduced the extent of
pulmonary inflammation, although mild inflammation was present
in the lungs of all ventilatedanimals. The higher PEEP of 6 cmH2O
was beneficial regarding lung mechanics, oxygenation and
pulmonary inflammation. Thus, we suggest that a preferable
ventilation strategy is one that combines low tidal volumes with
sizable PEEP and recurrent recruitment manoeuvres.
Methods
Mice
Experiments were performed with female C57BL/6 N mice
(Charles River, Sulzfeld, Germany) aged 8 to 12 weeks, weighing 20
Figure 1. Lung mechanics. Mice were ventilated for six hours with low VT =8 mL/kg or high VT =16 mL/kg, PEEP =2 cmH2O and RM every five
minutes (RM5), every 60 minutes (RM60) or without RM (noRM). Lung mechanics were measured every ten minutes by the forced oscillation
technique. (LowVTRM5: n=6, highVTRM5: n=6, lowVTnoRM: n=5, highVTnoRM: n=4, lowVTRM60: n=5). P-values for group comparisons are shown
in supplementary Table S1.
doi:10.1371/journal.pone.0024527.g001
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the German animal protection law and approved by regional
governmental authorities (Landesamt fu ¨r Natur, Umwelt und
Verbraucherschutz NRW, permission number: AZ 8.87-50.10.35.
085).
Surgical procedures, mechanical ventilation and
physiological monitoring
Micewereinitiallyanaesthetized with anintraperitoneal injection
of pentobarbital sodium [75 mg/kg] and fentanyl [40 mg/kg].
Anaesthesia was maintained with pentobarbital sodium [20 mg/kg]
via an intraperitoneal catheter every 30 to 60 minutes. Mice were
tracheotomized with a 20-gauge cannula and connected to the
ventilator. A catheter was inserted into the carotid artery, which
allowed blood pressure monitoring and permanent infusion of 0.9%
NaCl (200 mL/h) to prevent hypovolaemia and thrombus forma-
tion. Pulsoxymetry was performed with a tail clip (MouseOx,
STARR Life-Science, Oakmont, PA, USA). Blood pressure and
ECG were recorded permanently (PowerLab, ADInstruments,
Spenbach, Germany). Heart rate was calculated from the ECG.
Body temperature was measured rectally and kept stable between
36.5uC and 37.5uC by a homeothermic blanket (Harvard
Apparatus Holliston, MA, USA).
Mice were ventilated for six hours with the flexiVent ventilator
(SCIREQ, Montreal, Canada). All mice survived the protocol.
Mice were either ventilated with low tidal volume (lowVT)o f
Figure 2. Heart rate and blood pressure. Electrocardiogram (ECG) was recorded permanently. A. Heart frequency (HF) was calculated
simultaneously from the ECG and is displayed in beats per minute (bpm). B. Mean arterial blood pressure (BP) was measured via a catheter in the
carotid artery.(LowVTRM5 n=6, highVTRM5 n=6, lowVTnoRM n=5, highVTnoRM n=4, lowVTRM60 n=5).
doi:10.1371/journal.pone.0024527.g002
Figure 3. Blood gas results. Arterialbloodwasanalysedaftersixhoursofventilation.A.pO 2/FiO2ratiowas calculated,FiO2was0.5.B.Comparisonof
pCO2 levels. (LowVTRM5 n=6, highVTRM5 n=6, lowVTnoRM n=5, highVTnoRM n=4, lowVTRM60 n=5). * p,0.05, ** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0024527.g003
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21 or high tidal volume
(highVT) of 16 mL/kg and a frequency of 90 min
21, so that both
groups received the same minute volume. The highVT group was
ventilated with 3% CO2 to maintain normocapnia without further
decreasing ventilation frequency. The fraction of inspired oxygen
(FiO2) was 0.5 in all experiments. A positive end-expiratory
pressure (PEEP) of either 2 cmH2O or 6 cmH2O was applied.
One recruitment manoeuvre (RM) with 30 cmH2O pressure and
six seconds duration was performed after onset of ventilation to
open airspaces and standardize lung volume. Resistance, compli-
ance and impedance of the lung were measured by the low-
frequency forced oscillation technique every ten minutes.
Two different series of experiments were performed and
analyzed separately (summarized in Table 2). The first series of
experiments (Fig. 1–2345678) was performed with a PEEP of
2 cmH2O. Repeated recruitment manoeuvres of 1 s duration and
30 cmH2O peak pressure were applied every five minutes (RM5)
in one lowVT (lowVTRM5) and one highVT group (highVTRM5)
or every 60 minutes (RM60) in one lowVT group (lowVTRM60).
One lowVT and one highVT group were ventilated without RM
(lowVTnoRM and highVTnoRM). One group of anaesthetized but
not ventilated mice served as control. A second series of
experiments (Fig. 9–101112) was performed, in which mice were
ventilated with a PEEP of 6 cmH2O and low VT. RM were
performed every five minutes (PEEP6_RM5), every 60 minutes
(PEEP6_RM60) or not at all (PEEP6_noRM).
Mice received 1 mg bovine serum albumin (BSA) intravenously
90 min before exsanguination for analysis of microvascular
permeability. Mice were sacrificed by exsanguination via the
carotid artery. Blood samples from ventilated mice were analysed
for pO2, pCO2, pH, HCO3
2 and standard base excess (SBE) by
blood gas analysis (ABL700, Radiometer, Copenhagen, Den-
mark). Blood gas analysis from anaesthetized control mice was not
representative due to reduced breathing activity.
Right lung: lung permeability, cytokine detection,
differential cell count
After thoracotomy lungs were perfused free of blood with ice
cold phosphate buffered saline. Bronchoalveolar lavage of the right
lung was performed by instilling two times 300 mL NaCl via
tracheal tubing. About 500 mL BAL fluid was retrieved from each
mouse. BAL fluid was centrifuged and the supernatant was frozen
for quantification of proteins. The pellet was transferred to a
cytospin preparation, followed by a modified Giemsa stain (Diff-
Quick; Medion Diagnostics, Du ¨dingen, CH) and differential
leukocyte count. Cytokine levels in serum and BAL fluid were
quantified with commercial enzyme-linked immunosorbent assays
(ELISA) (R+D Systems, Abingdon; UK). BSA was quantified in
blood serum and BAL fluid by ELISA (Bethyl Laboratories,
Montgomery, USA). The ratio of BSA in serum and BAL fluid was
calculated to determine microvascular permeability. Additionally,
total protein levels were measured using a DC protein assay
(BioRad, Hercules, CA, USA).
Left lung: lung histopathology
The left lung was filled with 4% formalin for fixation and
embedded in paraffin for histopathological examination. Sections
of 3 mm thickness were stained with hematoxilin and eosin (HE).
Histopathology was evaluated in a blinded manner. The following
scoring system based on four criteria was used for each histological
section: neutrophils in the alveolar or interstitial space, alveolar
septal thickening, alveolar congestion and formation of hyaline
membranes. Each criterion scored one point, if present, thus
scores ranged from 0 (none criterion found) to 4 (all four criteria
observed). Nine to ten sections per lung were evaluated and the
mean was calculated for every lung and every group.
Statistical analysis
Lung mechanics were analysed with the mixed model procedure
followed by correction for false discovery rate (FDR). To evaluate
lung mechanics from the groups lowVTRM60 and PEEP6_RM60
in a linear model, one time point every 60 minutes before and
one after RM were analyzed separately, resulting in two separate
linear slopes (lowVTRM60a and PEEP6_RM60a: before RM,
lowVTRM60b and PEEP6_RM60b: after RM). BoxCox transfor-
mation was performed to achieve homoscedasticity and normal
distribution, when necessary. Analyses of parametric data were
carried out with One-Way Analysis of Variance and FDR
Figure 4. Protein leakage. A. Total protein levels were measured with DC protein assay. (Unventilated n=5, lowVTRM5 n=6, highVTRM5 n=6,
lowVTnoRM n=4, highVTnoRM n=4, lowVTRM60 n=5). B. BSA was quantified in BAL and serum by ELISA and the ratio was calculated. (Unventilated
n=5, lowVTRM5 n=5, highVTRM5 n=5, lowVTnoRM n=4, highVTnoRM n=4, lowVTRM60 n=5). * p,0.05, ** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0024527.g004
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Wallis test followed by Dunn’s post-test. Data in figures are shown
as mean 6 standard error of the mean (SEM). P-values,0.05 were
considered as significant. Statistical analyses were carried out with
JMP 7 or SAS 9.1 software (SAS Institute Inc., Cary, NC, USA).
Results
A. First series of experiments: PEEP =2 cmH2O
Lung mechanics. The first series of experiments was
performed at a PEEP =2 cmH2O, a PEEP level that is commonly
used in animal studies that aim to study VILI (see Table 1).
Ventilation with 8 mL/kg and no RM (lowVTnoRM) caused a
continuous decrease of pulmonary compliance (C) over more than
two hours that reached a plateau at approximately 30% of the
physiological baseline value (Fig. 1). Within this time pulmonary
resistance (R) nearly tripled. Resistance and compliance showed less
dramatic trends in mice ventilated with 16 mL/kg and no RM
(highVTnoRM). In this group C plateaued earlier (60 min) at about
60% of the baseline value and R increased to a lesser degree (,25%).
R and C differed significantly between the lowVTnoRM and the
highVTnoRM group (R: p,0 . 0 1 ;C :p ,0.001). Respiratory input
impedance revealed major alterations in the periphery of the lung.
Tissue damping (G) and tissue elastance (H) were elevated in both
highVTnoRM and lowVTnoRM mice, reaching significantly higher
values in the lowVTnoRM group (G: p,0.01; H: p,0.001). In the
latter group, airway resistance (Raw) was increased as well. The
increase in G, H and Raw indicates that low VT ventilation without
RM leads to closure of peripheral areas of the lung and causes a small
degree of airway constriction. In consequence, hysteresivity (G/H =
g) decreased slightly over time, but was in a comparable range in all
groups.
These findings indicate that ventilation without RM leads to
impaired lung functions, which stabilize within two hours, though
at a low level. We therefore examined the effect of repetitive
RM (30 cmH2O) every 5 min. In both the lowVTRM5 and the
highVTRM5 group, lung mechanics stayed in a physiological
range and remained unchanged during the whole experiment.
Depending on the different tidal volumes, C and H differed
reciprocally between low- and highVT groups (p,0.05). The
stability of the lung mechanics demonstrates that application of
deep inflations of 1 s duration and 30 cmH2O are sufficient to
prevent the deterioration of lung functions in healthy mouse lungs
ventilated with 2 cmH2O PEEP and moderate tidal volumes.
Further, we examined whether it would suffice to apply RM
only every 60 min instead of every 5 min. This was studied in the
low VT group (lowVTRM60) only. In this group, respiratory
conditions were instable. R and C worsened comparable to the
lowVTnoRM group, but improved significantly after each RM.
These alterations were reflected in changes in G and H. However,
even though each RM was beneficial, after six hours tissue
elastance had increased permanently, indicating that one deep
inflation per hour is not sufficient to maintain lung volume at base
line values. This is illustrated by the finding that H (p,0.001), R,
C, G (all p,0.01) and Raw (p,0.05) were significantly different
between the lowVTRM60 and the lowVTRM5 group.
Heart frequency, blood pressure and oxygena-
tion. Anaesthesia with pentobarbital sodium resulted in
reduced heart frequency (300–400 min
21) and mean blood
pressure (50–60 mmHg), compared to average data of unsedated
mice. ECG (data not shown), HF and BP remained unchanged
throughout ventilation and were not significantly different between
the groups (Fig. 2). This demonstrates that ventilation and
recruitment strategy did not affect the circulation. The fluid
support with 200L NaCl per hour in all groups was adequate to
keep blood pressure stable. Oxygen saturation, measured by
pulsoxymetry, was over 90% in all mice at all times (data not
shown).
Blood gas analysis. Blood gas analyses revealed that infusion
of saline and application of 3% CO2 in the high VT groups were
adequate to keep the acid-base status stable and that ventilation
resulted in normocapnia in the lowVTRM5 and highVTRM5
group, with pCO2 levels ranging from 35 to 40 mmHg (Table 3).
The pO2/FiO2 ratio was between 530 and 620 mmHg in both
RM5 groups and in the highVTnoRM group (Figure 3). Most mice
ventilated with highVTnoRM had physiological pCO2 levels after
six hours. The pO2/FiO2 ratio was decreased significantly to
around 200 mmHg in the lowVTnoRM group, indicating acute
respiratory failure. In this group, impaired gas exchange was further
indicated by an increase in pCO2 levels to about 60 mmHg, leading
to respiratory acidosis with a mean pH of 7.22. Mice in the
lowVTRM60 group showed very heterogeneous pO2/FiO2 ratios
between 260 and 570 mmHg and markedly increased pCO2 levels
as well as initiatinghypercapnic acidosis.Bicarbonate (HCO3
2) was
only slightly reduced, resulting in negative values for standard base
excess, but did not indicate metabolic imbalance.
Pulmonary microvascular permeability. Total protein
levels were increased in all ventilated mice, compared to
unventilated controls. Protein levels were highest in the groups
Figure 5. Cytokine levels. Cytokines were quantified in blood serum or BAL supernatant with commercial ELISA kits after six hours of ventilation
and in unventilated mice. (Unventilated: n=5, lowVTRM5 n=6, highVTRM5 n=6, lowVTnoRM n=4 in BAL and n=5 in serum, highVTnoRM n=4,
lowVTRM60 n=5). * p,0.05, ** p,0.01, *** p,0.001, 1 *** p,0.001 versus all other groups).
doi:10.1371/journal.pone.0024527.g005
Figure 6. Neutrophils in BAL fluid. BAL fluid was subjected to
cytospin preparation, followed by Diff-Quick staining. From each
preparation 400 cells were counted and percentage of neutrophils
was calculated. (Unventilated: n=5, lowVTRM5 n=5, highVTRM5 n=5,
lowVTnoRM n=4, highVTnoRM n=4, lowVTRM60 n=5). 1 *** p,0.001
versus all other groups.
doi:10.1371/journal.pone.0024527.g006
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ventilation augmented microvascular permeability in the lung,
particularly when inspiratory pressures were high, as in the groups
ventilated without repetitive recruitment (Fig. 4B).
Pro-inflammatory cytokine levels. Interleukin-6 (IL-6) and
Keratinocyte-derived chemokine (KC) were elevated in the BAL
fluid and blood serum from all ventilated mice (Fig. 5A, B, E, F).
BAL fluid from mice ventilated with lowVTRM5 showed a less
dramatic increase in these pro-inflammatory cytokines. In both
RM5 groups serum levels of IL-6 and KC were clearly lower than
in all other ventilation groups. Interestingly, Interferon-c induced
protein (IP-10) and Tumour necrosis factor-a (TNF-a) were not
significantly increased in the BAL from ventilated mice, compared
to unventilated controls (Fig. 5C, D).
Differential cell count in the BAL fluid. The only cell
types found in BAL fluid of unventilated control mice were
monocytes and macrophages. In contrast, all samples from
ventilated mice also contained neutrophils (Fig. 6). Numbers of
neutrophils were highest in mice ventilated with high VT.
Considerably less neutrophils were recruited to alveoli of lowVT
mice, whereof the group lowVTRM5 had the lowest neutrophil
count.
Figure 7. Lung histopathology. Representative lung sections stained with hematoxylin and eosin from: A. unventilated control, B. lowVTRM60,
C. lowVTRM5, D. highVTRM5, E. lowVTnoRM and F. highVTnoRM mice. Black arrows indicate neutrophils; blue arrows indicate intra-alveolar
monocytes and macrophages, scale bars 100 mm; magnification 200x. Insets in A and D contain enlarged images of exemplary leukocytes.
doi:10.1371/journal.pone.0024527.g007
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severe lung injury was induced by the ventilation strategies applied
(Fig. 7). Nonetheless, significant histopathological alterations were
present in all ventilated lungs and were most obvious in mice
ventilated with high VT (Fig. 8). Alveolar septal thickening was
observed in most of the ventilated lungs, resulting in a score of one. A
score of two was given, when neutrophils were observed additionally,
as in most lungs from highVT mice. This is in line with the results
from the differential cell count in the BAL fluid. Only some
highVTnoRM mice showed alveolar congestion, bringing the lung
injury score up to three. Hyaline membranes were not observed in
any sections, indicating that the applied ventilation strategies induced
only moderate injury in the healthy lungs.
B. Second series of experiments: PEEP =6 cmH2O
Lung mechanics. In the second series of experiments the
ventilation strategies RM5, noRM and RM60 were applied to mice
ventilated with low VT and a PEEP of 6cmH2O, to find out whether
the impairment of lung mechanics during ventilation with noRM and
RM60 couldbe prevented by a higher PEEP(Fig. 9).Ventilation with
RM5 at a PEEP of 6 cmH2O (PEEP6_RM5) showed stable lung
functions. Ventilation without RM (PEEP6_noRM) resulted,
notwithstanding the increased PEEP, in a strong decrease in C
during the first 180 min of ventilation until a plateau was reached at
about 30% of the initial C. Correspondingly R, G and H increased
and finally doubled in this group. Also ventilation with RM60
(PEEP6_RM60) did not suffice to keep lung functions entirely stable
at a PEEP of 6 cmH2O. Although the decrease in C between the
RMs was relatively moderate, the initial C was not maintained over
six hours. R, in contrast, returned to the initial value after each RM.
In line with this, lung impedance measurements revealed a moderate
increase in H, but not in G after six hours. All three groups differed
significantly from each other regarding C, R, H and G, except from
the parameters measured in the PEEP6_RM60 group directly after
the RM. Raw and hysteresivity were not different between the groups
and Raw remained at baseline in all experiments (data not shown).
These results indicate that an elevation of PEEP, although it helps to
stabilize lung mechanics, is not sufficient to replace repetitive RM.
Blood gas analysis. One aim of the second series of
experiments was to investigate whether a higher PEEP can
prevent the worsening of gas exchange in mice ventilated at a
PEEP =2 cmH2O and RM60 or noRM. The pO2/FiO2 ratio
was around 500 mmHg in the PEEP6_RM60 group and around
400 mmHg in the PEEP6_noRM group (Fig. 10). Both groups
differed significantly from the control group PEEP6_RM5, which
showed unimpaired gas exchange with a pO2/FiO2 ratio of about
600 mmHg This further demonstrates that regular RMs are
necessary even with a PEEP of 6 cmH2O. In accordance, pCO2
levels were significantly elevated in the groups PEEP6_RM60 and
PEEP6_noRM, compared to the control group (data not shown).
Pro-inflammatory cytokine levels. In the second set of
experiments IL-6 and KC levels in the BAL fluid were highest in
the PEEP6_noRM group, followed by the PEEP6_RM5 group
(Fig. 11A, B). Both mediators were lowest in the PEEP6_noRM
group. IL-6 in the blood serum was not significantly different
between these three groups (Fig. 11C). KC levels were highest in
the group ventilated without RM, but differed only slightly
between the groups ventilated with RM5 and RM60 Fig. 11D).
These results indicate that a higher PEEP helps preventing the
release of pro-inflammatory mediators induced by formation of
atelectasis.
Differential cell count in the BAL fluid. In the second part
o ft h es t u d y ,i nw h i c ha l lm i c ew e r ev e n t i l a t e dw i t hl o wV T,
neutrophil numbers were clearly highest in the group
PEEP=6_noRM. Numbers of neutrophils were lower in the BAL
fluid from PEEP6_RM5 mice and lowest in the PEEP6_RM60
group (Fig. 12).
Discussion
There is an increasing demand for mechanical ventilation of
mice, not only in pulmonary research, but also in many other
areas such as neurology [26], imaging [27] or cardiovascular
research [28]. Monitoring of pulmonary and vital parameters is an
essential prerequisite for correct interpretation of data from such
models. The present study indicates that the general notion
according to which low tidal volumes and sizable PEEP levels are
preferable is – at least in healthy mice – only true when repetitive
recruitment manoeuvres are applied.
The effects of repetitive RM are not well established neither in
experimental animals nor in men, one reason being that trials
are difficult to compare [19]. To date, application of RM in
patients with healthy lungs has been explored only sporadically
[29], although there is some evidence that RM may support
protective ventilation by improving oxygenation and lung
mechanics, thereby allowing reduction of VT [30,31]. Clinically,
it has been shown that low VT ventilation improves the outcome
of patients with injured lungs [32], and also reduces inflamma-
tion in those with healthy lungs [33]. Taken together, it seems
highly important to gain more information on the effects of
repetitive ‘sigh-like’ recruitment manoeuvres during low VT
ventilation.
We demonstrated that application of deep inflations of 1 s
duration and 30 cmH2O peak pressure in five minute intervals
was sufficient to keep respiratory mechanics stable and thereby
lung volume constant in low and high VT ventilation, without
increasing PEEP over 2 cmH2O (Fig. 1). We initially selected a
relatively low PEEP level, because we plan to use the same PEEP
in future studies on the molecular mechanisms of VILI, where
high PEEP levels are known to be protective (many VILI models
Figure 8. Histopathological scoring. Scoring criteria were: neutro-
phils in the alveolar or interstitial space, alveolar septal thickening,
alveolar congestion and formation of hyaline membranes. Scores from
0 to 4 were given according to the number of fulfilled criteria.
(Unventilated: n=5, lowVTRM5 n=5, highVTRM5 n=5, lowVTnoRM
n=4, highVTnoRM n=4, lowVTRM60 n=5). ** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0024527.g008
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duration, peak pressure and end-expiratory pressure [34], we
chose a very short type of RM, which we considered to be non-
injurious to the lung and not to impair cardiac output.
Accordingly, blood pressure and heart frequency were stable,
regardless of the ventilation strategy. Although blood pressure was
in a low range due to anaesthesia with pentobarbital, so that small
changes might have been masked, this did not result in reflex
tachycardia or impairment of microcirculation, as the pH values
indicate (Table 3). These stable cardiovascular conditions were
also guaranteed by several supportive measures such as constant
fluid support (200 mL/h), regular administration of pentobarbital
via an intraperitoneal catheter, and an automated system to keep
the body temperature constant. Further, it can be speculated that
the low blood pressure is protective in this model, since edema
formation is generally aggravated by high blood pressure.
In order to keep blood gases stable, the low and high VT groups
had to be ventilated with different respiratory rates and, based on
other studies [35], we cannot completely rule out that this might
have affected the outcome of our study. Our conditions were
chosen to provide the same minute volume at both tidal volumes.
The supplementation of 3% CO2 to the inhaled gas mixture in the
high VT groups was adequate to prevent hypocapnia, which
Figure 9. Lung mechanics with 6 cmH2O PEEP. Mice were ventilated for six hours with low VT = 8 mL/kg, PEEP = 6 cmH2O and RM every five
minutes (RM5), every 60 minutes (RM60) or without RM (noRM). Lung mechanics were measured with the forced oscillation technique every ten
minutes. (n=4 in all groups). Please see supplementary Table S2 for p-values of group comparisons.
doi:10.1371/journal.pone.0024527.g009
Figure 10. Oxygenation with 6 cmH2O PEEP. Arterial blood was
analysed after six hours of ventilation and the pO2/FiO2 ratio was
calculated. (n=4 in all groups). ** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0024527.g010
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in the highVTRM5 group. 3% CO2 alone did not induce
hypercapnia (see Table 3). Thus, a protective effect of hypercapnia
during MV, which is described in several studies [36,37], seems
unlikely.
A pressure of 30 cmH2O for each RM was necessary to maintain
lung volume stable. In accordance with previous studies [4,5] RM
with 25 cmH2O peak pressure were not sufficient to avoid a loss of
lung volume (data not shown). The double sigmoidal nature of the
murine pressure volume curve [38] may explain the positive
response to RM with30 cmH2O pressure. Accordingto Zosky et al.
[38], pressures above 20 cmH2O induce fundamental changes in
the murine lung, resulting in increased compliance. These changes
are proposed to be either due to reopening of collapsed alveoli or to
a secondary population of alveoli that are present but not aerated
below a critical transrespiratory pressure [39]. In the present study,
measurement of lung input impedance revealed that the alterations
in pulmonary resistance and compliance in RM60 and noRM mice
were predominantly due to changes in the periphery of the lung.
Although we observed significant differences in Raw between RM5,
RM60 and noRM mice ventilated at the same VT, this effect was
rather small, indicating that bronchoconstriction of large airways is
of minor importance to explain our findings. The strong increase in
G and H in mice ventilated without RM demonstrates a progressive
loss in lung volume [24]. Increases in tissue damping reflect energy
dissipation and are associated with an increase in tissue resistance
and/or regional heterogeneity as result of peripheral airway
constriction, whereas tissue elastance reflects energy storage in lung
Figure 11. Cytokine levels with 6 cmH2O PEEP. Cytokines levels after six hours of ventilation were measured in blood serum or BAL supernatant
by ELISA. (n=4 in all groups). * p,0.05, ** p,0.01.
doi:10.1371/journal.pone.0024527.g011
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hysteresivity shows that H increased slightly stronger than G.
Further, it underlines that impaired lung functions were not
primarilyduetoheterogeneitycausedbynarrowing ofsmallairways
[40]. Thus narrowing of conductive airways played only a minor
role in this model and we conclude that the loss of lung volume was
mainly due to formation of atelectasis.
In fact, lung volume declined only to a certain threshold and a
plateau phase was reached in all mice ventilated without RM. This
supports the hypothesis that depending on the pressure applied to
the lung some populations of alveoli are open and others closed
[38]. The minimal lung volumes in the plateau phase differed
accordingtotheemployed tidalvolume, leadingtothehighesttissue
resistance and elastance values in the lowVTnoRM group.
Formation of atelectasis was more severe in low VT than in high
VT ventilation, as shown elsewhere [3,4], indicating that low VT
ventilation without RM was injurious. These findings are in line
with a previous work showing that low VT ventilation augmented
lung injury in isolated rat lungs, proposing that the degree of lung
injury is dependent on the end-expiratory lung volume [41].
Ventilation with high VT resulted in a higher compliance and
thereby to some degree protected from the decline in lung volume.
However, the application of one RM per hour was not sufficient to
keep tissue resistance and elastance entirely stable over six hours,
demonstrating that the beneficial effect of recruitment is transient
and formation of atelectasis is reversible only to a certain point. The
present data emphasize the importance of frequent deep inflations
in mice in order to maintain lung functions in a physiological range.
Further evidence for the formation of atelectasis was given by
blood gas analysis, which revealed impaired gas exchange in
lowVTnoRM and lowVTRM60 mice (Fig. 3, Table 3). The present
study demonstrates that impairment of gas exchange, to a level that
wouldfulfiltheclinicaldefinitionforARDS[42],canbecausedbya
ventilation strategy that leads to derecruitment of lung volume. On
the other hand, our data on lung histopathology, neutrophil count
and BAL levels of pro-inflammatory cytokines indicate that
inflammatory lung injury was not severe even in the lowVTnoRM
group. Notably, neutrophil counts and histopathological alterations
(Fig. 6–8) did not correlate well with gas exchange and lung
functions, further supporting our conclusion that atelectasis rather
than inflammation was the major reason for the impaired gas
exchange in the groups ventilated without sufficient RM. In fact,
neutrophil infiltration was highest in the high VT groups, suggesting
ventilation-induced inflammation (biotrauma) as a mechanism.
Nonetheless, protein leakage, indicating increased microvascu-
lar permeability, another hallmark of VILI, was highest in those
low VT groups that developed atelectasis due to lacking adequate
RM (noRM, RM60) (Fig. 4). Collapse of lung units is accompanied
by an increase in vascular filtration pressure, leading to edema
formation, when vascular barrier functions are impaired [43]. This
is in line with the observed alveolar septal thickening. Further-
more, microvascular leakage may also interfere with pulmonary
surfactant, thus contributing to a reduction of compliance [44],
which was clearly present in this model. Finally, in atelectatic lungs
shear forces between closed and open alveoli may develop [1].
Taken together we conclude that a lack of recruitment
manoeuvres may cause what has been termed atelectotrauma.
The present study demonstrates that repetitive recruitment
manoeuvres are not only beneficial for lung functions, gas
exchange and barrier function, but also reduce the liberation of
pro-inflammatory cytokines (Fig. 5). This is an important finding,
because in theory frequent deep inspirations might be a trigger
for stretch-induced pro-inflammatory mediator release. IL-6 and
KC were increased in the BAL and blood serum of all ventilated
mice and it appears that ventilation will always cause mild
inflammation in the lungs, both experimentally [7,8,25] and
clinically [45,46]. The underlying mechanisms may be related to
the surgery or mechanotransductive processes, i.e. stretch-
activation of signalling cascades, or to increased vascular shear
stress in those groups ventilated with higher positive pressures
[47]. IL-6 and KC were significantly lower in the BAL fluid of
Figure 12. Neutrophils in BAL fluid with 6 cmH2O PEEP.
Leukocytes were counted after cytospin preparation of BAL fluid. From
each preparation 400 cells were counted and percentage of neutrophils
was calculated. (n=4 in all groups). * p,0.05.
doi:10.1371/journal.pone.0024527.g012
Table 3. Blood gas results.
LowVTRM5 HighVTRM5 LowVTnoRM HighVTnoRM LowVTRM60
pO2 [mmHg] 283.5613.4 287.7612.7 108.6613.6 261.8617.8 205.5672.4
pCO2 [mmHg] 38.463.9 34.964.0 58.367.61 40.6615.1 50.169.4
pH 7.3360.03 7.3660.04 7.2260.03 7.3260.08 7.2860.05
HCO3
- [mmol/L] 19.561.6 19.261.6 23.662.3 19.763.4 21.861.9
SBE [mmol/L] 2 6.061.6 2 5.561.7 2 3.562.1 2 5.462.3 2 3.561.6
Blood gas analyses from arterial blood after six hours of mechanical ventilation with PEEP =2 cmH2O. Data are shown as mean 6 standard deviation. SBE: standard
base excess, lowVT: low tidal volume, highVT: high tidal volume, RM5: one recruitment manoeuvre every five minutes, noRM: no recruitment manoeuvres, RM60: one
recruitment manoeuvre every 60 minutes.
doi:10.1371/journal.pone.0024527.t003
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that this ventilation strategy was the most protective one. It is
well-established that protective ventilation, minimizing overdis-
tension and recruitment/derecruitment of the lung, attenuates
cytokine liberation in the lung and circulation [48]. Interestingly,
the blood serum of both VT groups ventilated with RM5
contained significantly lower levels of IL-6 and KC than the
corresponding groups ventilated with RM60 or noRM. This
shows that the RM5 procedure was also protective at higher tidal
volumes. The high levels of IL-6 and KC in the BAL of
highVTRM5 mice indicate that the inflammatory response was
initiated in the lung. Notably, neither levels of IP-10 nor of TNF-
a - two cytokines that are frequently found in severe forms of
acute lung injury - were altered significantly in ventilated mice,
compared to unventilated controls. The relatively high baseline
values for TNF- a in unventilated mice are most likely due to the
fact that BAL samples had to be diluted on order to gain enough
volume for the assay. Concentrations were calculated by
multiplication with the dilution factor, possibly leading to higher
concentrations than actually present in the BAL. Nevertheless,
all groups were analyzed at the same time and cytokine levels
were in the same range in all groups, allowing a comparison. IP-
10 is proposed to play a role in development of ARDS and is
further considered as a useful biomarker for lung disease [49,50].
TNF-a is considered as a mediator of pulmonary inflammation
released by injurious ventilation [51,52]. The finding that these
mediators remained unaltered by ventilation further suggests that
lung injury was only moderate in the current model.
This study aimed to define settings for ventilation under stable
conditions and therefore a second set of experiments was performed
with a PEEP of 6 cmH2O, to address the question whether a higher
PEEP could prevent the severe impairment of lung functions and
the effects on oxygenation and inflammation, which were observed
in the lowVTnoRM and lowVTRM60 groups ventilated with a
PEEP of 2 cmH2O. Lung mechanics and blood gas results revealed
that a higher PEEP, even when combined with RM60, was not
sufficient to prevent formation of atelectasis. C decreased and R, G
and H increased strongly during the first 180 min of the
experiments in the PEEP6_noRM group before parameters
reached a plateau. A previous study demonstrated that an increase
in PEEP from 2 cmH2O to 6 cmH2O alone did not prevent an
increase in Raw, G and H during 150 min of ventilation, but was
more effective during pressure controlled RM [5]. The present
studyshowsthatacombinationofhigherPEEPandshortRMevery
60 minutes does not suffice to prevent impairment of lung functions
and that frequent RM are required, as with a PEEP of 2 cmH2O.
Of note, the increase in Raw, which was observed in the
groups lowVTnoRM and lowVTRM60 ventilated with a PEEP
=2 cmH2O, was completely abolished in all groups ventilated with
a PEEP =6 cmH2O, indicating that a higher PEEP helps to
prevent narrowing of large airways during MV.
It is well known that PEEP plays a critical role in preventing/
reducing lung injury [23]. The combination of low VT and high
PEEP has already proved to be beneficial for the outcome of
patients with ARDS [53]. Further, an experimental ventilation
strategy using low VT, PEEP and RM resulted in a better
outcome in ARDS patient than a strategy without RM, although
differences were not significant due to limitations of the trial
[54]. Given the significance of biotrauma [55,56], it is an
important question whether a ventilation strategy that combines
high PEEP with RM attenuates pulmonary inflammation during
low VT. The second part of this work showed that differences in
cytokine levels between mice ventilated with the same RM
strategies were smaller with 6 cmH2O than with 2 cmH2O
PEEP. IL-6 serum levels were even in a comparable range in all
PEEP6 groups. Interestingly, the highest IL-6 and KC BAL
levels were detected in the PEEP6_noRM group. This correlates
well with the neutrophil count that was also highest in this
group. Thus, the application of RM appears to be beneficial
with respect to pulmonary inflammation also at a PEEP of
6c m H 2O.
Conclusions
We compared lung mechanics during ventilation with and
without RM in healthy mice over six hours during close
monitoring of many clinically relevant parameters including lung
mechanics, cardiovascular functions and gas exchange. Stable
cardiovascular conditions resulted amongst others from appropri-
ate fluid support, emphasizing the need for careful monitoring and
stabilisation of vital parameters in animal studies.
The present study shows that protective non-injurious ventila-
tion requires the application of frequent non-injurious recruitment
manoeuvres and low VT. A ventilation pattern including deep
inflations is closer to the variable breathing pattern of spontane-
ously breathing subjects than monotonic MV without variation in
VT or breathing frequency, supporting the finding that variable or
‘noisy’ ventilation improves protective ventilation in the porcine
and human lung [57,58]. Beyond that, variable ventilation,
characterised by breath-to-breath variation of VT and breathing
frequency, has been shown to be beneficial in terms of reducing
VILI in mice with injured lungs [59].
Furthermore, our data indicate that a PEEP level of 6 cmH2Oh a s
protective effects and is therefore advisable in studies that require
MV. A low PEEP of 2 cmH2O combined with recurrent RM is less
protective, but still suffices to gain stable respiratory conditions and
may be preferable in models that aim to investigate VILI.
We conclude that ventilation with low VT, recurrent RM and
sizable PEEP is the most protective ventilation strategy for healthy
mice.
Supporting Information
Table S1 P-values for group comparisons of lung
mechanics wit 2 cmH2O PEEP.
(DOC)
Table S2 P-values for group comparisons of lung
mechanics with 6 cmH2O PEEP.
(DOC)
Author Contributions
Conceived and designed the experiments: LR SU. Performed the
experiments: LR AK. Analyzed the data: LR SU. Contributed reagents/
materials/analysis tools: LR SU. Wrote the paper: LR SU.
References
1. Uhlig S, Uhlig U (2011) Ventilation-Induced Lung Injury. Compr Physiol 1:
635–661.
2. Hauber HP, Karp D, Goldmann T, Vollmer E, Zabel P (2010) Effect of Low
Tidal Volume Ventilation on Lung Function and Inflammation in Mice. BMC
Pulm Med 10: 21.
3. Thammanomai A, Majumdar A, Bartolak-Suki E, Suki B (2007) Effects of
Reduced Tidal Volume Ventilation on Pulmonary Function in Mice Before and
After Acute Lung Injury. J Appl Physiol 103: 1551–1559.
4. Allen GB, Suratt BT, Rinaldi L, Petty JM, Bates JH (2006) Choosing the
Frequency of Deep Inflation in Mice: Balancing Recruitment Against
Recruitment Manoeuvres and Lung Mechanics
PLoS ONE | www.plosone.org 13 September 2011 | Volume 6 | Issue 9 | e24527Ventilator-Induced Lung Injury. Am J Physiol Lung Cell Mol Physiol 291:
L710–L717.
5. Cannizzaro V, Berry LJ, Nicholls PK, Zosky GR, Turner DJ, et al. (2009) Lung
Volume Recruitment Maneuvers and Respiratory System Mechanics in
Mechanically Ventilated Mice. Respir Physiol Neurobiol 169: 243–251.
6. Maniatis NA, Harokopos V, Thanassopoulou A, Oikonomou N, Mersinias V,
et al. (2009) A Critical Role for Gelsolin in Ventilator-Induced Lung Injury.
Am J Respir Cell Mol Biol 41: 426–432.
7. Vaneker M, Halbertsma FJ, van Egmond J, Netea MG, Dijkman HB, et al.
(2007) Mechanical Ventilation in Healthy Mice Induces Reversible Pulmonary
and Systemic Cytokine Elevation With Preserved Alveolar Integrity: an in Vivo
Model Using Clinical Relevant Ventilation Settings. Anesthesiology 107:
419–426.
8. Wolthuis EK, Vlaar AP, Choi G, Roelofs JJ, Juffermans NP, et al. (2009)
Mechanical Ventilation Using Non-Injurious Ventilation Settings Causes Lung
Injury in the Absence of Pre-Existing Lung Injury in Healthy Mice. Crit Care
13: R1.
9. Muller HC, Hellwig K, Rosseau S, Tschernig T, Schmiedl A, et al. (2010)
Simvastatin Attenuates Ventilator-Induced Lung Injury in Mice. Crit Care 14:
R143.
10. Hoetzel A, Dolinay T, Vallbracht S, Zhang Y, Kim HP, et al. (2008) Carbon
Monoxide Protects Against Ventilator-Induced Lung Injury Via PPAR-Gamma
and Inhibition of Egr-1. Am J Respir Crit Care Med 177: 1223–1232.
11. Bai KJ, Spicer AP, Mascarenhas MM, Yu L, Ochoa CD, et al. (2005) The Role
of Hyaluronan Synthase 3 in Ventilator-Induced Lung Injury. Am J Respir Crit
Care Med 172: 92–98.
12. Chavolla-Calderon M, Bayer MK, Fontan JJ (2003) Bone Marrow Transplan-
tation Reveals an Essential Synergy Between Neuronal and Hemopoietic Cell
Neurokinin Production in Pulmonary Inflammation. J Clin Invest 111: 973–980.
13. Finigan JH, Boueiz A, Wilkinson E, Damico R, Skirball J, et al. (2009) Activated
Protein C Protects Against Ventilator-Induced Pulmonary Capillary Leak.
Am J Physiol Lung Cell Mol Physiol 296: L1002–L1011.
14. Hong SB, Huang Y, Moreno-Vinasco L, Sammani S, Moitra J, et al. (2008)
Essential Role of Pre-B-Cell Colony Enhancing Factor in Ventilator-Induced
Lung Injury. Am J Respir Crit Care Med 178: 605–617.
15. Kacmarek RM, Kallet RH (2007) Respiratory Controversies in the Critical Care
Setting. Should Recruitment Maneuvers Be Used in the Management of ALI
and ARDS? Respir Care 52: 622–631.
16. J. Mead, Collier C (1959) Relation of Volume History of Lungs to Respiratory
Mechanics in Anesthetized Dogs. J Appl Physiol 14: 669–678.
17. Uhlig S, Wollin L (1994) An Improved Setup for the Isolated Perfused Rat Lung.
J Pharmacol Toxicol Methods 31: 85–94.
18. von Bethmann AN, Brasch F, Nusing R, Vogt K, Volk HD, et al. (1998)
Hyperventilation Induces Release of Cytokines From Perfused Mouse Lung.
Am J Respir Crit Care Med 157: 263–272.
19. Hodgson C, Keating JL, Holland AE, Davies AR, Smirneos L, et al. (2009)
Recruitment Manoeuvres for Adults With Acute Lung Injury Receiving
Mechanical Ventilation. Cochrane Database Syst Rev. pp CD006667.
20. Verbrugge SJ, Bohm SH, Gommers D, Zimmerman LJ, Lachmann B (1998)
Surfactant Impairment After Mechanical Ventilation With Large Alveolar
Surface Area Changes and Effects of Positive End-Expiratory Pressure.
Br J Anaesth 80: 360–364.
21. Halter JM, Steinberg JM, Gatto LA, DiRocco JD, Pavone LA, et al. (2007)
Effect of Positive End-Expiratory Pressure and Tidal Volume on Lung Injury
Induced by Alveolar Instability. Crit Care 11: R20.
22. Seah AS, Grant KA, Aliyeva M, Allen GB, Bates JH (2011) Quantifying the
Roles of Tidal Volume and PEEP in the Pathogenesis of Ventilator-Induced
Lung Injury. Ann Biomed Eng 39: 1505–1516.
23. Haitsma JJ, Lachmann B (2006) Lung Protective Ventilation in ARDS: the
Open Lung Maneuver. Minerva Anestesiol 72: 117–132.
24. Bates JH (2009) Pulmonary Mechanics: a System Identification Perspective.
Conf Proc IEEE Eng Med Biol Soc. pp 170–172.
25. Gharib SA, Liles WC, Klaff LS, Altemeier WA (2009) Noninjurious Mechanical
Ventilation Activates a Proinflammatory Transcriptional Program in the Lung.
Physiol Genomics 37: 239–248.
26. Cuellar JM, Antognini JF, Carstens E (2004) An in Vivo Method for Recording
Single Unit Activity in Lumbar Spinal Cord in Mice Anesthetized With a
Volatile Anesthetic. Brain Res Brain Res Protoc 13: 126–134.
27. Yamamoto N, Tsuchiya H, Hoffman RM (2011) Tumor Imaging With
Multicolor Fluorescent Protein Expression. Int J Clin Oncol 16: 84–91.
28. Berul CI, Aronovitz MJ, Wang PJ, Mendelsohn ME (1996) In Vivo Cardiac
Electrophysiology Studies in the Mouse. Circulation 94: 2641–2648.
29. Beck-Schimmer B, Schimmer RC (2010) Perioperative Tidal Volume and Intra-
Operative Open Lung Strategy in Healthy Lungs: Where Are We Going? Best
Pract Res Clin Anaesthesiol 24: 199–210.
30. Weingarten TN, Cata JP, O’Hara JF, Prybilla DJ, Pike TL, et al. (2010)
Comparison of Two Preoperative Medical Management Strategies for
Laparoscopic Resection of Pheochromocytoma. Urology 76: 508–511.
31. Futier E, Constantin JM, Pelosi P, Chanques G, Kwiatkoskwi F, et al. (2010)
Intraoperative Recruitment Maneuver Reverses Detrimental Pneumoperitone-
um-Induced Respiratory Effects in Healthy Weight and Obese Patients
Undergoing Laparoscopy. Anesthesiology 113: 1310–1319.
32. (2000) Ventilation With Lower Tidal Volumes As Compared With Traditional
Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress
Syndrome. The Acute Respiratory Distress Syndrome Network. N Engl J Med
342: 1301–1308.
33. Pinheiro dO, Hetzel MP, dos Anjos SM, Dallegrave D, Friedman G (2010)
Mechanical Ventilation With High Tidal Volume Induces Inflammation in
Patients Without Lung Disease. Crit Care 14: R39.
34. Lim SC, Adams AB, Simonson DA, Dries DJ, Broccard AF, et al. (2004)
Intercomparison of Recruitment Maneuver Efficacy in Three Models of Acute
Lung Injury. Crit Care Med 32: 2371–2377.
35. Vaporidi K, Voloudakis G, Priniannakis G, Kondili E, Koutsopoulos A, et al.
(2008) Effects of Respiratory Rate on Ventilator-Induced Lung Injury at a
Constant PaCO2 in a Mouse Model of Normal Lung. Crit Care Med 36:
1277–1283.
36. Laffey JG, Engelberts D, Duggan M, Veldhuizen R, Lewis JF, et al. (2003)
Carbon Dioxide Attenuates Pulmonary Impairment Resulting From Hyperven-
tilation. Crit Care Med 31: 2634–2640.
37. Halbertsma FJ, Vaneker M, Pickkers P, Snijdelaar DG, van Egmond J, et al.
(2008) Hypercapnic Acidosis Attenuates the Pulmonary Innate Immune
Response in Ventilated Healthy Mice. Crit Care Med 36: 2403–2406.
38. Zosky GR, Janosi TZ, Adamicza A, Bozanich EM, Cannizzaro V, et al. (2008)
The Bimodal Quasi-Static and Dynamic Elastance of the Murine Lung. J Appl
Physiol 105: 685–692.
39. Soutiere SE, Mitzner W (2004) On Defining Total Lung Capacity in the Mouse.
J Appl Physiol 96: 1658–1664.
40. Bates JH, Allen GB (2006) The Estimation of Lung Mechanics Parameters in the
Presence of Pathology: a Theoretical Analysis. Ann Biomed Eng 34: 384–392.
41. Muscedere JG, Mullen JB, Gan K, Slutsky AS (1994) Tidal Ventilation at Low
Airway Pressures Can Augment Lung Injury. Am J Respir Crit Care Med 149:
1327–1334.
42. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, et al. (1994) The
American-European Consensus Conference on ARDS. Definitions, Mecha-
nisms, Relevant Outcomes, and Clinical Trial Coordination. Am J Respir Crit
Care Med 149: 818–824.
43. Hubmayr RD (2002) Perspective on Lung Injury and Recruitment: a Skeptical
Look at the Opening and Collapse Story. Am J Respir Crit Care Med 165:
1647–1653.
44. Verbrugge SJ, Lachmann B, Kesecioglu J (2007) Lung Protective Ventilatory
Strategies in Acute Lung Injury and Acute Respiratory Distress Syndrome:
From Experimental Findings to Clinical Application. Clin Physiol Funct
Imaging 27: 67–90.
45. Tsangaris I, Lekka ME, Kitsiouli E, Constantopoulos S, Nakos G (2003)
Bronchoalveolar Lavage Alterations During Prolonged Ventilation of Patients
Without Acute Lung Injury. Eur Respir J 21: 495–501.
46. Meier T, Lange A, Papenberg H, Ziemann M, Fentrop C, et al. (2008)
Pulmonary Cytokine Responses During Mechanical Ventilation of Noninjured
Lungs With and Without End-Expiratory Pressure. Anesth Analg 107:
1265–1275.
47. Uhlig S (2002) Ventilation-Induced Lung Injury and Mechanotransduction:
Stretching It Too Far? Am J Physiol Lung Cell Mol Physiol 282: L892–L896.
48. Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer JM, et al. (1999)
Effect of Mechanical Ventilation on Inflammatory Mediators in Patients With
Acute Respiratory Distress Syndrome: a Randomized Controlled Trial. JAMA
282: 54–61.
49. Cannas A, Calvo L, Chiacchio T, Cuzzi G, Vanini V, et al. (2010) IP-10
Detection in Urine Is Associated With Lung Diseases. BMC Infect Dis 10: 333.
50. Jiang Y, Xu J, Zhou C, Wu Z, Zhong S, et al. (2005) Characterization of
Cytokine/Chemokine Profiles of Severe Acute Respiratory Syndrome.
Am J Respir Crit Care Med 171: 850–857.
51. Wilson MR, Choudhury S, Takata M (2005) Pulmonary Inflammation Induced
by High-Stretch Ventilation Is Mediated by Tumor Necrosis Factor Signaling in
Mice. Am J Physiol Lung Cell Mol Physiol 288: L599–L607.
52. Haitsma JJ, Uhlig S, Goggel R, Verbrugge SJ, Lachmann U, et al. (2000)
Ventilator-Induced Lung Injury Leads to Loss of Alveolar and Systemic
Compartmentalization of Tumor Necrosis Factor-Alpha. Intensive Care Med
26: 1515–1522.
53. Villar J, Kacmarek RM, Perez-Mendez L, guirre-Jaime A (2006) A High Positive
End-Expiratory Pressure, Low Tidal Volume Ventilatory Strategy Improves
Outcome in Persistent Acute Respiratory Distress Syndrome: a Randomized,
Controlled Trial. Crit Care Med 34: 1311–1318.
54. Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, et al. (2008)
Ventilation Strategy Using Low Tidal Volumes, Recruitment Maneuvers, and
High Positive End-Expiratory Pressure for Acute Lung Injury and Acute
Respiratory Distress Syndrome: a Randomized Controlled Trial. JAMA 299:
637–645.
55. Uhlig S, Ranieri M, Slutsky AS (2004) Biotrauma Hypothesis of Ventilator-
Induced Lung Injury. Am J Respir Crit Care Med 169: 314–315.
56. dos Santos CC, Slutsky AS (2006) The Contribution of Biophysical Lung Injury
to the Development of Biotrauma. Annu Rev Physiol 68: 585–618.
57. Spieth PM, Carvalho AR, Pelosi P, Hoehn C, Meissner C, et al. (2009) Variable
Tidal Volumes Improve Lung Protective Ventilation Strategies in Experimental
Lung Injury. Am J Respir Crit Care Med 179: 684–693.
58. Boker A, Haberman CJ, Girling L, Guzman RP, Louridas G, et al. (2004)
Variable Ventilation Improves Perioperative Lung Function in Patients
Undergoing Abdominal Aortic Aneurysmectomy. Anesthesiology 100: 608–616.
Recruitment Manoeuvres and Lung Mechanics
PLoS ONE | www.plosone.org 14 September 2011 | Volume 6 | Issue 9 | e2452759. Thammanomai A, Hueser LE, Majumdar A, Bartolak-Suki E, Suki B (2008)
Design of a New Variable-Ventilation Method Optimized for Lung Recruitment
in Mice. J Appl Physiol 104: 1329–1340.
60. Maniatis NA, Harokopos V, Thanassopoulou A, Oikonomou N, Mersinias V,
et al. (2009) A Critical Role for Gelsolin in Ventilator-Induced Lung Injury.
Am J Respir Cell Mol Biol 41: 426–432.
61. Hong SB, Huang Y, Moreno-Vinasco L, Sammani S, Moitra J, et al. (2008)
Essential Role of Pre-B-Cell Colony Enhancing Factor in Ventilator-Induced
Lung Injury. Am J Respir Crit Care Med 178: 605–617.
62. Finigan JH, Boueiz A, Wilkinson E, Damico R, Skirball J, et al. (2009) Activated
Protein C Protects Against Ventilator-Induced Pulmonary Capillary Leak.
Am J Physiol Lung Cell Mol Physiol 296: L1002–L1011.
63. Belperio JA, Keane MP, Burdick MD, Londhe V, Xue YY, et al. (2002) Critical
Role for CXCR2 and CXCR2 Ligands During the Pathogenesis of Ventilator-
Induced Lung Injury. J Clin Invest 110: 1703–1716.
64. Dolinay T, Wu W, Kaminski N, Ifedigbo E, Kaynar AM, et al. (2008) Mitogen-
Activated Protein Kinases Regulate Susceptibility to Ventilator-Induced Lung
Injury. PLoS One 3: e1601.
Recruitment Manoeuvres and Lung Mechanics
PLoS ONE | www.plosone.org 15 September 2011 | Volume 6 | Issue 9 | e24527